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A non-de s tructive me thod to dis tinguis h the inte rnal cons titue nt1
archite cture of the inte rve rte bral dis cs us ing 9.4 Te s la MRI.2
Introduction3
The inte rve rte bra l disc (IVD) plays a crucia l role in the biome cha nics of the s pine ,4
a llowing a rticula tion be twe en the ve rte brae . Eve n minor cha nge s in the IVD,5
whe the r biologica l or s tructura l, ha ve the pote ntia l to ca sca de into gre a te r6
irregula ritie s a nd s ignifica ntly a ffect the biomecha nica l functions of the s pine .7
Cons eque ntly, it is one of the ma jor s ite s for ba ck pa in, which approxima te ly 70%8
of the popula tion will expe rie nce a t s ome point in the ir live s [1].9
De ta ile d informa tion on the s ubs tructure of the IVD is us ua lly obta ine d from10
his tologica l s lice s [2, 3]. This technique ha s limita tions due to be ing two-dime ns iona l11
a nd des tructive . Two dime ns iona l microgra phs cannot provide accura te he ight-width-12
de pth a s we ll a s s pa tia l orie nta tion de ta ils due to s ectioning pla ne a lignment a nd13
orie nta tion. He nce , the re is a n e le me nt of "educa te d gue ss work” involve d in14
unde rs tanding s uch informa tion, which ma y affect the re lia bility a nd cons is te ncy of15
the inte rpre ta tions . Lack of cohe re nt informa tion a long the 3 rd dire ction is pa rticula rly16
dis a dva nta geous whe n cha ra cte ris ing highly thre e dime ns iona l s tructure s s uch as17
IVDs . For ins tance , the la me lla e in the a nnulus fibrosus (AF) a re curve d in the ir18
ma cro s ta te a nd the re e xis ts a n a lte rna ting fibre pa tte rn in the a djoining la me lla e .19
This fibre orie nta tion is ne a rly imposs ible to vis ua lis e on a 2D his tologica l se ction.20
A thre e -dime ns iona l me thod could provide cle a re r a nd furthe r informa tion, for21
e xa mple on the morphology of the la me lla e within the AF, or the loca tion of22
a nnula r te a rs , a nd could have dia gnos tic a pplica tions if it were non-de s tructive .23
S uch a te chnique could a lso be us e d pre -clinica lly during in vitro te s ting in which24
diffe rent inte rve ntions a re compa red, or for ge ne ra ting a ccura te computa tiona l25
mode ls of the IVD.26
Ultra high-fie ld s tre ngth ma gne tic re sona nce ima ging (MRI) sys te ms (4 - 9.4T) a re27
a n e me rging te chnology for clinica l a pplica tions . The ir ca pa bilitie s , s uch a s28
improve d s igna l to nois e ra tio (S NR) and highe r spa tia l re s olution, ha ve potentia l for29
improve d imaging of tis s ues . The te chnology ha s be e n s hown to produce fa voura ble30
re s ults for ima ging of bra in tis sue , but ca rdiac a nd a bdomina l applica tions have31
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pos e d a grea te r cha llenge [4-8]. As ye t, the us e of ultra -high fie ld MRI for s pina l32
a pplica tions has bee n re la tive ly limite d. The re fore the re is a ne e d to e xa mine this33
ima ging methodology for s pina l tis s ue s tructure s , to as s es s the fe as ibility of34
obta ining re le vant s tructura l a nd biologica l informa tion, a s we ll a s ide ntifying s uita ble35
ima ging protocols .36
Vis ua lis a tion of the IVD would bene fit from highe r re s olution due to the multiple37
s tructura lly dis tinctive cons titue nts . The hydra te d nucle us pulposus (NP ) provide s a38
high s igna l. The AF cons is ts of multiple la me lla e a nd the fibre orienta tion is39
comple te ly diffe re nt in the se a lte rna ting la ye rs , e xhibiting a cris s -cros s pa tte rn.40
Cons eque ntly the s igna l inte ns ity will cha nge de pe nding on the fibre direction. The41
IVD e ndpla te (EP ) a lso give s ris e to diffe re nt s igna l inte ns itie s due to its42
ca rtila ginous a nd bony components . The a im of this s tudy wa s to inve s tiga te the43
pote ntia l of ultra -high fie ld s tre ngth MRI to obta in highe r qua lity 3D volume tric MRI44
da ta s e ts of the IVD in orde r to be tte r dis tinguis h s tructura l de ta ils . Two pote ntia lly45
s uita ble protocols we re inves tiga te d a nd compa ris ons were ma de with his tologica l46
ima ging of the s a me IVD.47
48
Mate rials and Me thods49
S a mple P re pa ra tion50
Two s pines from 5-6 ye a r old she e p (Te xe l-cros s ) we re obta ined from a loca l51
a ba ttoir, within 24-hrs of s la ughte r, with ve te rina ry a pprova l. The s he e p we ighe d52
a pproxima te ly 40 kg. Two s pina l s egme nts (one from e ach spine ), conta ining the53
C7-T1 a nd T2-T3 IVD a nd a djoining ve rte brae we re s epa ra te ly ha rve s ted. Each54
s e gme nt, a fte r s ecuring in a be nch grip, was trimme d cra nia lly a nd ca uda lly by55
s a wing through the ve rte bra l bone clos e to the ve rte bra l e ndpla te . The pos te rior56
bony e le me nts we re remove d clos e to the pos te rior ma rgin of the ve rtebra l bodie s .57
The s urrounding s oft-tis s ue including the ligame ntous s tructure s was a ls o re moved.58
The fina l trimme d se gme nt wa s approxima te ly 25 mm in dia me te r a nd 20 mm in59
he ight. The s e gme nts we re wrappe d in phospha te buffe re d s a line (P BS ) s oake d60
pa pe r tis s ue s in orde r to ke e p the m mois t a nd to avoid drying up during the61
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ha ndling a nd fre ezing. P BS wa s us e d due to its is otonicity. S ubse que ntly the62
s e gme nts we re s tore d a t -20°C.63
P rior to MRI s ca nning, s a mples we re de fros te d ove rnight a t 3°C. The s a mple64
dime ns ions were che cke d during e ve ry inte rme dia te s te p of the proce s s a nd no65
me a s urea ble change s we re found. The sa mple s we re pos itioned in a MRI-s a fe66
polymer conta ine r with the ante rior-pos te rior direction through the spe cime n mid-67
s a gitta l pla ne marked on the e xpos ed ve rte bra l bony s urface of the s pecime n. This68
ma rke d dire ction was us e d to a lign the s pe cime n during mounting in orde r to69
a cquire ima ge s in the a nte rior-pos te rior s a gitta l or corona l plane s of the s a mple .70
The conta ine rs we re se a le d with s cre w-tightene d lids during sca nning to minimis e71
de hydra tion.72
In vie w of diffe re nt pos s ibilitie s for the cha nge in s tructura l geome try of the s a mple73
or los s of ma te ria l during the deca lcifica tion proces s , a pos t-de ca lcifica tion MRI74
s ca n was a ls o pe rforme d with the s a me pre -de ca lcifica tion s ca nning pa ra me te rs in75
pla ce . The obje ctive wa s to minimis e the geome trica l dis cre pa ncie s be twe e n the76
s ca nning a nd the his tology proce dure s .77
MR Ima ging a nd Ana lys is78
MR ima ging was pe rforme d on a 9.4T sca nne r having a 89mm inte rna l dia me te r79
ve rtica l bore (AVANCETM II 400 MHz la bora tory NMR s ys te m, Bruke r, S witze rla nd)80
a t a te mpera ture of 22 ± 0.5 °C The RF coil is ; 30 mm dia me te r, birdca ge , 1H81
coil. 3-dimens iona l (3D) s pin echo (S E) a nd gra dient e cho (GE) acquis ition82
te chnique s we re us ed to achieve high s pa tia l re s olution with is otropic voxe l83
dime ns ions . Given the long acquis ition times only one puls e se quence wa s applie d84
to e ach s a mple to a void e xces s ive de hydra tion of the fre s h s pecime ns . The firs t85
s a mple (C7T1) wa s ima ge d us ing a 3D S E multis lice -multiecho puls e se que nce86
(MS ME) a nd the s econd s a mple (T2T3) wa s ima ge d us ing a 3D spoile d GE puls e87
s e que nce (Fa s t Low-Angle S hot – FLAS H). The S E a nd GE-bas e d puls e s e que nce s88
provide comple menta ry informa tion: the S E puls e s e que nce was chos e n as the us e89
of multiple 180° RF re focus ing puls e s minimis e s the e ffect of ma gne tic fie ld90
homoge ne itie s induce d by the diffe ring magne tic susce ptibilitie s of the diffe re nt91
tis s ue compone nts , the re fore re s ulting an ove ra ll highe r s igna l-to-nois e ra tio. The92
a bs e nce of the 180° re focus ing puls e in the GE s e que nce re sults in s igna l93
Inte rve rte bra l dis c a rchitecture from MRI
Page | 4
intens itie s tha t a re influe nce d by va ria tions in ma gne tic s us ceptibility (known as94
s usce ptibility we ighte d or T2*-we ighte d contra s t). The a bs e nce of the 180° RF puls e95
a nd the us e of a low flip a ngle e xcita tion puls e a llows a much s horte r re pe tition96
time to be us ed for the GE pulse s eque nce in compa ris on to the S E puls e97
s e que nce , e nabling a much highe r a cquis ition ma trix to be acquired within a98
compa rable a cquis ition time .99
The ima ge a cquis ition pa ra me te rs for e ach puls e s e que nce a re give n in Table 1.100
101
Although the S NR is not a n a bsolute me as ure for qua lity of biome dica l ima ges , it is102
the mos t popula rly us ed qua ntita tive me thod both for a s s es s ing the qua lity of103
ima ge s a nd for e va lua ting the e ffe ctive nes s of ima ge e nhance me nt a nd s igna l104
proces s ing technique s [9i]. Whe n the ma gnitude ima ges a re ca lcula te d from a105
s ingle se t of comple x ra w da ta a nd the s pa tia l dis tribution of nois e is106
homoge ne ous , the commonly us e d technique is ba s ed on the s igna l s ta tis tics in107
two s e pa ra te regions of inte re s t (ROIs ) from a s ingle ima ge : one in the tis s ue of108
inte re s t to de te rmine the s igna l inte ns ity, a nd one in the ima ge background to109
me a s ure the nois e intens ity [10,11]. The re fore this me thod wa s s e lecte d, us ing a110
s imila r approach to s eve ra l publis he d s tudie s [12,13]. In orde r to compa re the111
ima ge qua lity from the two MR se que nces , the S NR wa s mea s ured us ing ima ge112
proces s ing s oftwa re (Ima ge J Ve rs ion1.45s , NIH, US A). S e pa ra te re ctangula r a re as113
we re s e le cte d within the AF, NP a nd in the ve rtebra l bone res pe ctive ly. Thes e114
a re a s were copied through the image s tack, a nd the conse cutive s lice s we re115
che cke d to e ns ure tha t s e lecte d a re a s were within the corre s ponding re gion unde r116
cons ide ra tion. The mea n va lue of the s igna l intens ity for e ach of the s e s e lecte d117
a re a s was ca lcula te d. The la rge s t pos s ible recta ngula r re gion outs ide the IVD in the118
ima ge background (a ir) wa s a ls o se lected, a nd the s ta nda rd devia tion of the119
ba ckground nois e inte ns ity wa s ca lcula te d. The S NR for ea ch of the a re as was120
the n de te rmined by dividing its me a n s igna l inte ns ity by the s ta nda rd de via tion of121
the background nois e inte ns ity.122
The contra s t-to-noise (CNR) ra tio was ca lcula te d as123
CNRa ,b = (S a –S b)/s dbackground nois e124
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whe re S de note s s igna l inte ns ity, ‘sd’ de note s s ta nda rd de via tion, subs cripts a a nd125
b de note corre s ponding tis sue cons titue nts . The Re la tive Contra s t (Re Con) wa s126
ca lcula te d a s127
Re Conab = [(S a –S b)/ (S a +S b)]x100128
For e ach sa mple , five diffe rent ima ges were ra ndomly chose n for S NR, CNR, a nd129
re la tive contra s t me as ure me nts . The me an va lue bas e d on the va lue s of the five130
ima ge s was fina lly obta ine d.131
Compa ris on MR Ima ge S ta ck with His tology132
Afte r the initia l s canning, the C7-T1 s a mple wa s fixe d in 10% (v/v) ne utra l buffe re d133
forma lin. It wa s then tra ns fe rre d to 100 ml e thyle ne dia mine te tra ace tic a cid (EDTA)134
of pH 7.0-7.4, for de ca lcifica tion.[14] The s a mple wa s continuous ly sha ke n a nd the135
EDTA s olution was repla ced da ily for a pe riod of s eve n da ys , a nd s ubs e que ntly136
e ve ry we e k for a minimum of 16 we eks . The s pecime n was image d us ing micro-137
compute d tomography (S ca nco, microCT100, S witze rla nd) with a hydroxya pa tite138
pha ntom for bone mine ra l de ns ity ca libra tion, in orde r to confirm tha t comple te139
de ca lcifica tion ha d be en a chie ved.140
The s pecime n was then s ectione d into two ha lves through the ma rke d mid a nte rior-141
pos te rior line . The resulting right a nd le ft ha lve s of the s a mple were proce s s e d a nd142
e mbe dde d s e pa ra te ly in pa ra ffin wa x. Us ing a Le ica RM2255 microtome (Le ica143
Micros ys te ms , Milton Ke ynes UK) 5µm s ections were obta ine d pa ra lle l to the144
a nte rior-pos te rior direction such tha t the ir orienta tion was the sa me a s the imaging145
pla ne of the MRI. A se le ction of s ections were s ta ine d with ha e ma toxylin & eos in146
(H&E) a nd s ca nne d us ing a s lide s ca nne r (Ape rio AT2 -Le ica Micros ys te ms , Milton147
Ke yne s UK)) with a 20 x obje ctive le ns . The digita l micrographs were s e que ntia lly148
a rra nge d s o tha t the comple te s ta ck re pres ente d ima ges from the right la te ra l149
ma rgin through to the le ft la te ra l margin of the s a mple .150
S ince the re was pote ntia l for cha nges in the s tructura l ge ome try of the s a mple or151
los s of ma te ria l during the de ca lcifica tion proce s s , a pos t-deca lcifica tion MRI s ca n152
wa s a lso pe rforme d us ing the s a me sca nning pa ra me te rs (e xce pt the numbe r of153
a ve rage s ). The obje ctive was to minimis e the ge ome trica l dis cre pancie s be twee n154
the s ca nning a nd the his tology proce dure s .155
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From the pos t-de ca lcifica tion MR ima ge s ta ck which cons is te d of s eque ntia l s a gitta l156
ima ge s be twe e n the right a nd le ft la te ra l margins of the spe cime n, the ima ges157
re pre s e nting the s agitta l s ection of the s a mple a t 0.2, 0.4, 0.6, a nd 0.8 proportiona l158
dis ta nce s be twe e n the right a nd le ft la te ra l ma rgins were s e lecte d. The s e were159
the n compare d with s imila rly s e lecte d his tologica l microgra phs us ing la ndmark160
fe a ture s a nd qua ntita tive me as ure me nts . (Figure s 1-3)161
Re s ults162
The S NR a nd CNR va lue s obta ine d in orde r to quantita tive ly compare the ima ge s163
be twe e n the diffe re nt se que nce s and unde r diffe re nt conditions a re give n in Table s164
2 a nd 3. In a ll s ca ns , the nucle us produced the be s t s igna l. The re fore , Re Con165
va lues we re ca lcula te d in re la tion to the s igna l inte ns ity of the nucle us , a nd a re166
s hown in Ta ble 4. The S NR va lues obta ine d with S E ima ging were highe r tha n167
those for GE image s . It was a ls o e vide nt tha t whe n comparing the pre a nd pos t-168
de ca lcifica tion ima ges , while the S NR va lue s for the pos t-de ca lcifica tion ima ge s169
we re be tte r, the re la tive contra s t re ma ine d la rge ly uncha nge d exce pt for the170
ve rte bra l bone ma rrow (Figure 4A a nd 4B). This wa s like ly to be due to the tis s ue171
hydra tion ta king pla ce during the deca lcifica tion proce s s . The re la tive contra s t172
be twe e n diffe re nt cons tituents unde r GE wa s re la tive ly poor.173
The GE ima ges a cros s the a nte rior AF of the T2T3 IVD s howe d the highly174
orga nize d AF s tructure compris ing of colla gen fibre s orie nte d a t a lte rna ting175
directions with s ucces s ive la ye rs . (Figure 4C a nd 4D) The a ngle be twe e n thes e176
a lte rna ting fibre dire ctions wa s me as ure d in Ima ge J s oftwa re by dra wing line177
s e gme nts pa ra lle l to the fibre directions . As shown in Figure 5, this a ngle was178
found to be 59°.The MRI-his tology compa ris on is pre s e nte d in Ta ble 5 for179
confirma tion of the fe a ture s s e e n on the MR ima ge s .180
Dis cus s ion181
Ana tomica lly, the inte rve rtebra l dis c e xhibits thre e -dime ns iona l s tructura l182
cha racte ris tics . Us ing two-dime ns iona l projection ima ging to s tudy the s e183
cha racte ris tics is not only cha lle nging but can le a d to e rrone ous inte rpre ta tions .184
Re ce nt adva nces in MRI ha rdwa re , s oftwa re a nd puls e s e que nce de s ign ha ve185
provide d the ca pa city to a cquire 3D volume tric MRI sca ns of the huma n s pine with186
Inte rve rte bra l dis c a rchitecture from MRI
Page | 7
ne a rly is otropic re s olution unde r 0.5 mm 3 (e .g. 3D FS E), compa red to tra ditiona l 2D187
s ca ns acquire d with inte r-s lice gaps of a round 3mm. Automa tic s e gme nta tion188
a lgorithms have be e n de ve lope d [9] tha t e xtra ct de ta ile d 3D re prese nta tions of the189
IVDs from volume tric MRI. The introduction of phas e d a rra y coil technology with an190
incre a se d number of coil e le me nts [15], a nd incre a se d fie ld s trength, both of which191
incre a se the bas e line S NR, a re pa rticula rly important for s tudie s tha t a re notorious ly192
S NR de prive d, for example , in the AF re gion of the IVD. Eve n though ultra -high-193
fie ld s tre ngth MR s canne rs a re not ye t common in the curre nt clinica l s e tting, the re194
is a n upwa rd trend in te rms of fie ld s tre ngth, a llowing highe r re solution ima ging as195
we ll a s a n incre a s ed S NR for the acquire d ima ge s . This ope ns up the poss ibility196
of ca pturing s tructura l de ta ils tha t previous ly ha d not be en pos s ible to dis tinguis h in197
vivo. In addition, s ma ll bore ultra -high fie ld s tre ngth MRI sca nne rs a re increa s ingly198
be ing us e d in la bora tory s e ttings for in vitro s tudie s . The a im of this s tudy was to199
e xa mine the pote ntia l of ultra -high fie ld MRI to visua lis e the s ubs tructure of the200
IVD. In orde r to confirm the de ta ils capture d, his tology of the s a me s a mple was201
ca rrie d out in a ma nne r which a llowe d the compa ris on of s e lecte d MRI s lice s with202
corre s ponding his tologica l s e ctions .203
Two MRI puls e s e quence s were us e d in this s tudy: gra dient e cho a nd s pin echo.204
Ea ch me thod has its own a dva nta ges a s we ll a s dis a dva nta ges . For ins ta nce , a205
gra dient e cho s eque nce a llows fas te r ima ge a cquis ition, a nd is more s e ns itive to206
ma gne tic s usce ptibility e ffe cts compare d to s pin e cho, howe ver in ge ne ra l s pin echo207
provides be tte r S NR for the ima ges .208
The S NR ra tio de rive d from the a cquired ima ge s wa s highe r for the S E s eque nce .209
This wa s pa rtly a conse que nce of the la rge r voxe l s ize chos e n for this s e quence .210
Howeve r, the GE (FLAS H) s e que nce , he lpe d by the highe r s pa tia l re s olution,211
re ve a le d more informa tion a bout the IVD cons tituents . Colla gen pres e nt in the IVD212
is gene ra lly difficult to ima ge with MRI, he nce the us e of ga dolinium che la te s a nd213
ma gic-a ngle ima ging [16] ha ve be e n s ugges ted to improve visua lis a tion. This s tudy214
indica te s how ultra -high re solution ima ging ca n provide use ful s tructura l informa tion215
of the colla ge n-rich IVD.216
The cons is te ntly highe r S NR va lues obta ine d for the re s pective re gions a fte r217
de ca lcifica tion (Ta ble 2) cle a rly s ugges te d tha t tis s ue hydra tion ha d ta ken pla ce218
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a cros s the e ntire s a mple . Howe ver, importa ntly, whe n Re Con va lues we re219
cons ide re d (Ta ble 4), the re la tive contra s t be twe e n diffe re nt re gions re ma ine d220
re la tive ly the sa me e xce pt with the ve rtebra l bone ma rrow where Re Con was221
re duce d by ne a rly 40% from the pre -de ca lcifica tion va lue . This indica ted tha t the222
hydra tion during de ca lcifica tion was re la tive ly s imila r acros s the dis c, but223
s ubs ta ntia lly highe r whe n the ve rtebra l bone ma rrow re gions were unde r224
cons ide ra tion. Unde rs ta nda bly the bone tra be cula r s tructure has the ca pacity to225
a ccommoda te more wa te r. S ince the hydra tion was s imila r acros s the disc it wa s226
not a n is s ue for cons is te nt vis ua lis a tion of s tructura l de ta ils of the IVD.227
The MRI-his tology compa ris on confirmed tha t the fe a ture s s e e n on the MR ima ges228
we re re a lis tica lly re la ted to the a ctua l s tructure s . (Figure 1) It was evide nt from the229
his tology microgra phs tha t la me lla e thicknes se s va ry cons ide ra bly. (Figure 2) MR230
a nd his tology image s ma tched we ll in te rms of the la me lla e numbe r, s ha pe , pos ition231
a nd orie nta tion. Howeve r, due to the re la tive ly low number of voxe ls a cros s e ach232
la me lla , a tte mpts we re not ma de in this s tudy to me a s ure the thickne s s of the233
la me llae . As s uch, on the MRI image s , pe a ks a nd troughs of the gra ys ca le profile234
a long a s e le cte d le ngth we re use d only to inte rpre t the la me lla e a lte rna tion (Figure235
3).236
The la me lla e a rchite cture de mons tra te d he re , e s pecia lly the fibre a lte rna ting pa tte rn,237
is not vis ible in vivo us ing routine MR imaging puls e s e quence protocols a nd may238
be impos s ible to vis ua lis e eve n whe n us ing spe cia lly optimis e d imaging protocols in239
a high fie ld (3T) clinica l sys te m. This a lte rna ting pa tte rn is a ls o difficult to vis ua lis e240
us ing norma l 2D his tologica l te chnique s acros s the whole dis c, due to its 3D241
morphology. The identifica tion of the la me lla e s tructure acros s the entire AF, the242
la me llae dis continuitie s a nd the visua lis a tion of fibre bundle s in the AF we re only243
pos s ible due to the highe r s pa tia l re s olution a dopted in the s tudy. Furthe rmore it244
fa cilita te d clea re r de marca tion of the ma in IVD re gions ; the AF, NP a nd the EP .245
The technique pre se nte d he re the re fore e xhibits the pote ntia l for improve d 3D246
s tructura l cha ra cte ris a tion. It ha s importa nt applica tions in compute r a ide d s imula tion247
of tis s ue s tructure s s ince be tte r de finition of morphology during mode l deve lopme nt248
ce rta inly incre as e s the a ccuracy of the s imula tion outcomes .249
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The re a re a ls o pote ntia l a pplica tions in minima lly inva s ive proce dure s and250
micros urge ry, where de ta ile d pre pa ra tion a nd s urgica l pla nning with the a id of high251
re s olution and three -dime ns iona lly re cons tructe d MRI da ta would he lp individua lly252
ta ilore d, s a fe a nd precis e surgica l a pproache s .253
Disc dege ne ra tion is a s s ocia te d with bioche mica l a nd morphologica l cha nge s .254
P revious ly, plana r morphologica l IVD me a sure s (he ight, width a nd s ha pe ) have255
be e n s tudie d in the conte xt of IVD de ge ne ra tion a nd a ge ing, to unde rs ta nd the256
s ymptoms and fa ctors influe ncing the lowe r ba ck pa in [17]. It is be lie ve d tha t dis c257
injurie s s uch as nee dle puncture s , a nnula r te a rs or rupture s , contribute towa rds dis c258
de ge ne ra tion in the longe r te rm. Inte rve rte bra l dis c he rnia tion is a ma jor ca use of259
ba ck pa in but the unde rlying mecha nis ms a re s till not we ll unde rs tood. Bas e d on260
a nima l s tudie s Ta mpie r e t.a l. [18] has sugges te d tha t forma tion of cle fts in wea ke r261
a re a s in la me lla e due to intra dis ca l pre s s ure , a nd the nucleus ma te ria l a dva ncing262
through thes e cle fts towa rds the pe riphe ry. P rime s ite s for the s e we a ke r a rea s a re263
whe re la me lla e discontinuitie s exis t or la me llae thickne s s na rrows . High res olution264
3D volume tric da ta s e ts a llow improve d re cognition of any adva nceme nt of nucle a r265
ma te ria l through thes e s ite s , the re by facilita ting e a rly de tection of pros pective dis c266
he rnia tion.267
Adverse s pina l loading is thought be a key drive r for e a rly disc de ge ne ra tion.268
Although the re a re s tudie s tha t outline mea sure me nt of re giona l s tra ins , mos tly269
unde r axia l loa ding, a ma tte r tha t is unde r cons ide ra ble dis cus s ion is the la me lla e270
de forma tion pa tte rn, pa rticula rly the inne r laye rs , a t va rious loca tions , unde r diffe re nt271
mode s of loa ding (eg. flexion, exte ns ion). He re a ga in, the pos itive re s ults of this272
s tudy de mons tra te the pote ntia l of high re s olution 3D da ta s e ts to e xpa nd the273
curre nt unde rs ta nding.274
This s tudy ha s highlighte d the pote ntia l of ultra -high-fie ld s trength MRI to obta in275
highe r qua lity 3D volume tric MRI da ta -s e ts for be tte r s tructura l cha ra cte ris a tion. The276
e xtra -long a cquis ition time s s ee n he re pos e a ma jor limita tion a nd a cha lle nge for277
clinica l tra ns la tion of the me thod.278
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Howeve r, the te chnica l de ve lopme nt of MRI is s till continuing and improve me nts in279
ha rdwa re and de tector s ys te ms a re paving the way for more e fficie nt image280
a cquis ition. Rece nt technica l a nd me thodologica l de ve lopme nts s uch a s pa ra lle l MRI281
te chnique s [19] a nd a dva nce s in s igna l proces s ing [20] a re re s ulting s ignificantly282
re duce d acquis ition time s a nd ha ve pote ntia lly ope ne d new ave nues for the clinica l283
a pplica tion of ultra -high-fie ld MRI. It is pos s ible tha t the a cquis ition time could be284
re duce d by increa s ing the echo tra in le ngth. Furthe r work is ne eded to inve s tiga te285
whe the r it is pos s ible to ide ntify the IVD la me lla e a rchite cture in vitro through286
optimis a tion of puls e se que nce s to obta in s ufficie nt spa tia l re s olution in a clinica l 3T287
MR s ys te m. If s o, the findings could be compa re d with la rge r sca le MR ima ging288
me thods which ma y ena ble cha ra cte ris a tion of the IVD a nd could pote ntia lly be289
tra ns la te d to in vivo ima ging.290
In summa ry, the pos itive re s ults of this s tudy de mons tra te the prospe cts of ultra -291
high fie ld s tre ngth MR to non-des tructive ly cha ra cte ris e the 3D s tructure of the IVD.292
This ha s applica tions in pre -clinica l te s ting, for e xa mple in imaging in vitro293
s pe cime ns be fore a nd a fte r s imula te d inte rventions or loa ding regime s to e xa mine294
cha nges in s ubs tructure . In the longe r te rm, if highe r fie ld s tre ngth s ys te ms become295
more wide spre ad clinica lly, the n the ir ca pacity to vis ua lis e the disc s ubs tructure296
me a n they have the pote ntia l to become a n importa nt diagnos tic tool.297
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Figure s371
Figure 1. A s e le cte d MRI s lice from the pos t-de ca lcifica tion sca n of the C7T1 IVD372
a nd the corre s ponding his tology micrograph. In both ima ge s the circle s indica te373
compa ra tive la ndmarks , ve rtica l a rrows indica te he ight me a sure me nts , a nd the line374
a cros s the a nnulus is for la me lla e counting.375
Figure 2. Ma gnifie d ima ge of the region in the his tology microgra ph in Figure 1,376
s howing the line drawn a cros s the a nnulus on the virtua l s lide for la me lla e377
counting.378
Figure 3. Gre ys ca le va ria tion plot a long the corre s ponding line drawn a cros s the379
a nnulus on the MR ima ge for la me lla e counting380
Figure 4A. S e lecte d s lice s from the C7-T1 dis c pre deca lcifica tion, MS ME s e que nce381
Figure 4B. S e lecte d s lice s from the C7-T1 dis c pos t deca lcifica tion, MS ME382
s e que nce (S upple menta l digita l conte nt 1 – 10 s how a dditiona l image s for the C7-383
T1 disc pos t deca lcifica tion)384
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Figures 4C. & 4D. S e le cted s lice s from the T2-T3 disc, Fla sh s eque nce .385
(S upple me nta l digita l conte nt 11 – 20 s how additiona l ima ge s for the T2-T3 disc)386
Figure 5. GE (FLAS H) ima ge loca te d a t the a nte rior ma rgins of the T2T3 IVD,387
de mons tra ting fibre a ngle me as ure ment388
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S DC 1 – 10; Additiona l ima ge s from the C7-T1 disc pos t deca lcifica tion MS ME391
s e que nce392
S DC 11 – 20; Additiona l ima ges from the T2-T3 dis c Fla s h se que nce393
